A combined photoelectron spectroscopy and ab initio study of the quasi-planar B24 − cluster J. Chem. Phys. 139, 144307 (2013) We present a combined photoelectron spectroscopy and first-principles theory study on the structural and electronic properties and chemical bonding of 
− anion has a C s (2A) structure, containing an asymmetric OB-B-OBO zig-zag chain and a terminal H atom interacting with the central B atom. In contrast, the C 2v (1a) global minimum of B 3 O 3 neutral contains a rhombic B 2 O 2 ring with one B atom bonded to a BO terminal and that of neutral B 3 O 3 H (2a) is also of C 2v symmetry, which is readily constructed from C 2v (1a) by attaching a H atom to the opposite side of the BO group. The H atom in B 3 
I. INTRODUCTION
Due to the intrinsic electron-deficiency of boron and the large difference of electronegativity between boron and oxygen, boron oxide clusters exhibit exotic bonding characteristics and novel structures. 1 The structural and bonding properties of boron oxide clusters have been explored extensively by experiments [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and theoretical calculations [12] [13] [14] [15] [16] [17] [18] [19] in the past decades. In particular, the boronyl (BO) group has a robust triple bond [1] [2] [3] [4] and plays an important role in governing the structures and bonding of boronyl chemistry. 20, 21 Theoretical calculations showed that the B 3 O 3 (BO) 3 cluster possesses a planar D 3h structure and can be considered as a new member of the inorganic benzene family. 22 A recent computational study also suggested that B 6 (BO) 7 − can be regarded as a boron oxide analog of B 6 H 7 − . 17 Owing to the electron deficiency of the boron element, various multicenter bonds can be formed in boron oxides and boron hydrides. The three-center two-electron (3c-2e) B-H-B bonds were found in diborane over 60 years ago. More recently, theoretical calculations showed that the B-B-B-B/H groups in B 6 (BO) 7 − and B 6 H 7 − form four-center two-electron (4c-2e) bonds. 17 Dual three-center four-electron (3c-4e) π hyperbonds and rhombic four-center four-electron (4c-4e) π bonds (the o-bond) were also theoretically predicted in the B 3 O n −/0/+ (n = 2-4) and B 4 O 4 −/0 clusters. 13, 23 Related to boron oxides, hydroboron oxides are important products of high-energy and combustion reactions. [24] [25] [26] However, the study on hydroboron oxides at the molecular level has remained very rare, except that the triatomic HBO species has been investigated previously by experiments [27] [28] [29] [30] and theoretical calculations. 31, 32 In this work, we investigate the structural and electronic properties and chemical bonding of B 3 
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental method
The experiments were carried out on a home-built photoelectron spectroscopy apparatus consisting of a laser vaporization cluster source, a time-of-flight (TOF) mass spec- trometer, and a magnetic-bottle photoelectron spectrometer, which has been described elsewhere. 33 In brief, the B 3 O 3 − and B 3 O 3 H − cluster anions were generated by laser ablation of a rotating and translating B 2 O 3 disc target with the second harmonic of a nanosecond Nd:YAG laser (Continuum Surelite II-10). Typical laser power used for vaporization was about 10 mJ/pulse in this work. Helium carrier gas with ∼4 atm backing pressure was used to cool down the nascent clusters in the source, through supersonic expansion from a pulsed valve (General Valve Series 9). The residual water molecules on the surfaces of the target and laser vaporization source as well as the trace amounts of water molecules in the helium carrier gas were able to provide hydrogen for the formation of B 3 O 3 H − . The B 3 O 3 − and B 3 O 3 H − anions were analyzed using the TOF mass spectrometer, mass-selected using a mass gate, decelerated by a momentum decelerator, and photodetached with the beam of another Nd:YAG laser (Continuum Surelite II-10; 532 and 266 nm) or an ArF excimer laser (193 nm). The photoelectrons produced were energy-analyzed using the magnetic-bottle photoelectron spectrometer. The photoelectron spectra were calibrated using the known spectra of Bi − , Cs − , Cu − , and Au − obtained under similar conditions. The resolution of the photoelectron spectrometer was about 40 meV at an electron kinetic energy of 1 eV.
B. Computational methods
Theoretical calculations were carried out primarily at the density-functional theory (DFT) level. Global-minimum searches for B 3 O 3 0/− and B 3 O 3 H 0/− clusters were conducted at the DFT level using the Coalescence Kick (CK) 34, 35 globalminimum search program, aided with manual structural constructions. The candidate low-lying structures were subsequently optimized using the Becke three parameter hybrid functional combined with Lee-Yang-Parr correlation functional, that is, the B3LYP method. 36, 37 The augmented correlation-consistent polarized valence triple-zeta (aug-ccpVTZ) basis sets were chosen in the calculations. 38, 39 Harmonic vibrational frequencies were also calculated at the same level to obtain the zero-point energies and to verify that the reported structures are true minima on the potential energy surfaces.
The ground-state vertical detachment energy (VDE) for an anion cluster was calculated as the energy difference between the neutral and the anion, both at the anionic geometry. The VDEs corresponding to the excited states of a neutral cluster were computed at the time-dependent B3LYP (TD-B3LYP) level. 40, 41 The adiabatic detachment energy (ADE) of an anion species was calculated as the energy difference between the neutral and the anion, with the neutral being relaxed to the nearest local minimum using anionic structure as the initial one. To further evaluate the relative energies of the low-lying isomers and to refine the ground-state ADEs and VDEs, single-point calculations were conducted using the more accurate coupled cluster method with single, double, and noniterative triple (CCSD(T)) excitations [42] [43] [44] at the optimized B3LYP geometries.
Canonical molecular orbital (CMO) analyses were performed to understand the chemical bonding in these clusters. Natural bond orbital (NBO) analyses were carried out to get the natural atomic charges. 45 All the calculations and analyses were accomplished using the Gaussian 09 software package. 46 
III. EXPERIMENTAL RESULTS
The photoelectron spectra of the B 3 resolved 532 nm spectrum. Specifically, the ADE is evaluated from the vibrational 0-0 transition as resolved at 532 nm ( Fig. 2) . On the other hand, the ground-state ADE and VDE of B 3 O 3 − can be evaluated from the onset and maximum of the second band in the 193 nm spectrum (Fig. 1) to be 3.94 ± 0.08 and 4.20 ± 0.08 eV, respectively. All the experimental ADEs and VDEs are collected in Table I .
IV. THEORETICAL RESULTS
The optimized geometries of the four low-lying isomeric structures of B 3 Table I , where they are compared with the experimental measurements. Furthermore, the photoelectron spectra of the most stable isomers of B 3 O 3 − and B 3 O 3 H − are simulated on the basis of the B3LYP and TD-B3LYP data and compared with their 193 nm experimental spectrum (Fig. 4) . In the simulation, the VDE of the first photoelectron band for a specific species is calculated at the B3LYP level, whereas other peaks associated with the deeper transitions are shifted toward higher binding energies using the excitation energies of its neutral at the corresponding anionic geometry at the TD-B3LYP level. Then all calculated peaks are fitted with unit-area Gaussian functions of 0.1 eV full width at half maximum (FWHM). It is worth mentioning that in some cases there are very large differences between calculated ADEs and VDEs due to the large geometric changes between the anions and neutrals. As the experimental ADEs may not represent the real ADEs due to the possible significant structural changes between the anions and neutrals, we mainly discuss the VDEs in Secs. IV A and IV B.
A. B 3 O 3
− and B 3 O 3
The global-minimum structure of B 3 O 3 − (1A; Fig. 3 ) possesses a V-shaped OB-B-BO chain in which the central B atom interacts with two equivalent boronyl (BO) groups and with one O atom. It has C 2v symmetry with an electronic state of 1 A 1 . The calculated ground-state VDE of this structure is 4.12 eV at the single-point CCSD(T) level, in good agreement with the experimental value (4.20 eV; Table I ).
The second structure of B 3 O 3 − (1B) has C s symmetry and 1 A ′ electronic state. It lies 0.54 eV higher in energy than 1A at the CCSD(T) level. Similar to 1A, isomer 1B also possesses a V-shaped structure, except that one BO group interacts with the central B atom via its O atom instead of B atom. Since 1B is markedly high in energy, its existence in the cluster beam can be ruled out. Indeed, its calculated first VDE is 4.95 eV, which is much higher than the experimental value (by 0.75 eV).
Additional isomers are more than 1 eV above the 1A global minimum. Isomer 1C is 1.24 eV higher in energy. It has a rhombic B 2 O 2 four-membered ring and a terminal BO group, the latter interacting with the B 2 O 2 ring via a B-B single bond. Its calculated VDE value at the CCSD(T) level is 2.26 eV, deviating drastically from the experimental measurement. Isomer 1D is 1.31 eV above the global minimum. It has C 2v symmetry, which is closely similar in shape to 1A and 1B, except that both terminals become the OB groups in 1D. Here the core B atom is connected to three O atoms. The calculated VDE of 1D is 5.22 eV, which deviates from the experimental value by 1.02 eV. Overall, isomers 1B, 1C, and 1D can all be safely ruled out from experimental observation based on the energetics, which is further confirmed from their calculated first VDEs.
We thus suggest that 1A is the most probable isomer observed in the experiment. As shown in Fig. 4(b) , the simulated spectrum of isomer 1A is in remarkable agreement with the 193 nm experimental spectrum. Notably, the observed spectral gap in the 4.4-6.3 eV regime is reproduced by 1A.
It is interesting to note that the global minimum of B 3 O 3 neutral (1a; Fig. 3 Table I ). Isomer 2B is marginally higher in energy than 2A by 0.04 eV; these two structures should be considered isoenergetic in light of the uncertainty of the computational method. Nonetheless, isomer 2B predicts a first VDE of 0.97 eV, which deviates substantially from the experimental measurement (1.66 eV). Thus, isomer 2B can be safely ruled out from the experimental observation. Isomer 2B features a rhombic B 2 O 2 four-membered ring with the two B atoms bonded terminally to one H atom and one BO group. Its symmetry is C 2v and its electronic state is 2 B 1 . 2B may be constructed from isomer 1C of B 3 O 3 − (or 1a of C 2v B 3 O 3 ) via the addition of a H terminal. Isomer 2C is less stable than 2A by 0.55 eV, and isomer 2D is 0.62 eV above the global minimum. Both can be ruled out from the experiment on the basis of the energetics. 2C has an OH group and two BO groups bonded to the central B atom. 2D has one B 2 O 2 four-membered ring, whose one bridging B atom is bonded with a H atom and one BO group. In short, we suggest isomer 2A to be the most probable isomer detected in our experiment. The simulated spectrum of isomer 2A (Fig. 4(c) Fig. 2 ).
V. DISCUSSION
To better understand the chemical bonding and electronic properties of B 3 are presented in Fig. 6 . The above analyses allow the proposal of their approximate Lewis presentations, as illustrated in Fig. 7 .
A. Bond distances, natural charges, and molecular orbital analyses of B 3 O 3
−
For the global-minimum structure of B 3 O 3 − (1A), the bond distances of B4-O1 and B5-O3 are 1.22 Å. These are assigned as B≡ ≡O triple bonds because they are close to the boron-oxygen triple bonds (1.21 Å) reported previously. 1, 47 The CMOs depicted in Fig. 6 can further confirm the B≡ ≡O triple bond characters. The HOMO-8/HOMO-9 pair are readily transformed to two BO σ bonds; whereas the HOMO-4/HOMO-5 and HOMO-3/HOMO-6 pairs constitute four BO π bonds (two for each BO). Collectively, the six CMOs are responsible for B≡ ≡O triple bonds for the two BO ligands.
The B6-O2 bond in 1A is regarded as a B= =O double bond, with HOMO-1 constituting its π bond and HOMO-2 its σ bond. The distance of B6-O2 (1.29 Å) is fully consistent with a double bond. The bond distances of B5-B6 and B4-B6 are both 1.74 Å, which can be roughly viewed as B-B single bonds. Note that of the B4/B5/B6 centers, B6 possesses a substantially lower natural charge of +0.10, as − (1A) can be seen clearly in its Lewis presentation (Fig. 7) .
B. On the 3c-4e π hyperbond in B 3 O 3 H −
The bonding in B 3 O 3 H − (2A) is more complicated. Thus we do not intend to analyze all relevant CMOs, rather we will show selected ones. The bond distances of B1-O6 and B3-O5 are both 1.23 Å. These BO bonds are assigned to B≡≡O triple bonds, which can be further confirmed from the CMOs shown in Fig. 6 . For example, HOMO-2 and HOMO-3 are π bonding CMOs primarily for the B3≡≡O5 ligand. The bond distance of B2-O4 is 1.47 Å, typical for a single bond. According to the singly occupied molecular orbital (SOMO), the B2-B3 bond with a distance of 1.62 Å should possess a "half" B-B 2c-1e π bond in addition to a σ bond, suggesting a formal bond order of 1.5. Indeed, this B-B distance appears to be the shortest of all clusters shown in Fig. 5 . In addition, the B2-H7 bond (1.20 Å) can be considered as a single bond.
The O4= =B1≡ ≡O6 structural block possesses a typical 3c-4e π hyperbond. 13, 23, 48, 49 Specifically, the nonbonding/bonding combination of HOMO-4 and HOMO-8 constitutes such a 3c-4e π hyperbond. HOMO-4 is essentially nonbonding between the B1-O4 and B1-O6 segments, with p z of O4 (9%), p z of O6 (48%), and p z of B1 (5%); HOMO-8 is strongly π bonding between the O4/B1/O6 centers, with the p z atomic orbitals (AOs) of B1 (15%), O4 (69%), and O6 (11%). This 3c-4e hyperbond is similar to the 3c-4e ω-bond in FHF − , except that the former is of π nature, whereas the latter is in fact a σ bond. 50 The HOMO-5 and HOMO-10 constitute another set of π bonding CMOs in the O4= =B1≡ ≡O6 structural block. However, the former is primarily located on the B1-O6 end, consisting of the p x AOs of O4 (2%), O6 (52%), and B1 (7%); whereas the latter, HOMO-10, is mainly contributed by the p x AO of O4 (40%), the p y AO of O6 (3%), and the sand p-type AOs of B1 (6%), which is located on the B1-O4 end of the block. These two CMOs are thus more localized, in contrast to the full delocalization of HOMO-8. Thus the HOMO-5/HOMO-10 combination is assigned as two 2c-2e π bonds: one for B1-O6 and another for B1-O4. In terms of the natural atomic charges, that on the B2 center (−0.10) appears to be markedly lower than those on B3 (+0.68) and B1 (+1. 22) , indicating that the extra charge in B 3 O 3 H − is primarily associated with the B2 center, consistent with the nature of the SOMO in which there is a "half" 2c-1e π bond between B2 and B3 atoms (Fig. 6) . Overall, the essence of bonding in B 3 An analysis of the CMOs shows that the rhombic B 2 O 2 unit in 1a features a 4c-4e o-bond, 13, 23, 51 which is contributed by the nonbonding/bonding combination of HOMO-1 and HOMO-7 (Fig. 6) . HOMO-1 is composed of the p x AOs of the two relevant O atoms, which is essentially nonbonding. On the other hand, HOMO-7 is a strongly delocalized, completely bonding π x CMO. The HOMO-1/HOMO-7 4c-4e o-bond makes use of four electrons from the two O centers, which would otherwise be two O 2p lone-pairs, for one completely bonding 4c-2e π bond as well as one "residual" nonbonding CMO. This bonding effect helps stabilize the electron-deficient boron oxide systems.
It is stressed that the 4c-4e o-bond should not be confused with a typical 4π antiaromatic system, in which the two π CMOs are in an antibonding/bonding combination. The 4c-4e o-bond system is considered to be π aromatic, because the two nonbonding electrons do not contribute to either bonding or antibonding and should be neglected in electron counting in the (4n + 2) or 4n Hückel rules. The Lewis presentation of B 3 O 3 (1a) is shown in Fig. 7 .
For neutral B 3 O 3 H (2a), all bond distances and natural atomic charges are virtually identical to those in B 3 O 3 (1a), except that the former has one extra B-H terminal. Indeed, the B2 center in 1a is a radical (Fig. 7) , which can readily form a σ bond with H to produce 2a. The B3-H7 terminal in 2a has a distance of 1.18 Å and is assigned to a single bond, similar to that in B 3 O 3 H − (2A). Not surprisingly, B 3 O 3 H (2a) also features a 4c-4e o-bond, being contributed by the nonbonding/bonding combination of HOMO and HOMO-6 (Fig. 6) . The Lewis presentation of B 3 O 3 H (2a) is also shown in Fig. 7 .
VI. CONCLUSIONS
In conclusion, we have investigated the electronic, structural, and bonding properties of the B 3 
